Abstract An experimental in vitro biomechanical study was conducted on human cadaveric spines to evaluate the motion segment (C4-C5) and global subaxial cervical spine motion after placement of a cervical arthroplasty device (Altia TDI TM ,Amedica, Salt Lake City, UT) as compared to both the intact spine and a single-level fusion. Six specimens (C2-C7) were tested in flexion/extension, lateral bending, and axial rotation under a ± 1.5 Nm moment with a 100 N axial follower load. Following the intact spine was tested; the cervical arthroplasty device was implanted at C4-C5 and tested. Then, a fusion using lateral mass fixation and an anterior plate was simulated and tested. Stiffness and range of motion (ROM) data were calculated. The ROM of the C4-C5 motion segment with the arthroplasty device was similar to that of the intact spine in flexion/extension and slightly less in lateral bending and rotation, while the fusion construct allowed significantly less motion in all directions. The fusion construct caused broader effects of increasing motion in the remaining segments of the subaxial cervical spine, whereas the TDI did not alter the adjacent and remote motion segments. The fusion construct was also far stiffer in all motion planes than the intact motion segment and the TDI, while the artificial disc treated level was slightly stiffer than the intact segment. The Altia TDI allows for a magnitude of motion similar to that of the intact spine at the treated and adjacent levels in the in vitro setting.
Introduction
Cervical spondylosis causing radiculopathy or myelopathy is one of the most common problems seen by the spine surgeon and is often treated with anterior cervical diskectomy and fusion (ACDF). This procedure, although it is highly effective at decompressing neural elements and stabilizing the spine, is associated with significant shortand long-term morbidity, including postoperative dysphagia, promoted adjacent-level degeneration, and a high incidence of nonunion when multiple levels are treated [15, 18, 19, 28, 30] .
Although ACDF has been the mainstay treatment for cervical disk disease since the 1950s [7, 29] , interest in motion preservation in spinal surgery is almost as old. The first attempt at cervical arthroplasty reported by Fernstrom [14] in 1966 involved the placement of metallic ball bearings into the disk space of the treated segments. Clinical results were, however, disappointing because of a high incidence of segmental hypermobility, endplate subsidence, and clinical failure. Interest in cervical arthroplasty waned until the 1990s when a renewal of efforts was spurred by progress in lumbar arthroplasty with the Charite disk [5] and with increased recognition of long-term complications of cervical fusion surgery, specifically with regard to adjacent segment degeneration. Adjacent segment degeneration, reported to become clinically symptomatic in up to 25% of patients by 10 years of follow-up [6, [17] [18] [19] [20] , is believed to be promoted by increased stress and motion at these levels. These factors have been demonstrated to occur biomechanically and clinically [2, 3, 12, 13, 33, 35] and likely promote the degeneration by disrupting delicate nutrient pathways to the avascular nucleus pulposus [31, 32] . The goal of cervical arthroplasty is to restore normal biomechanics of the treated segment, thereby normalizing motion and stress in adjacent levels and reducing the incidence of long-term failure in the form of adjacent segment degeneration. Cervical arthroplasty might also have the added benefits of reducing incidence of postoperative dysphagia and complications associated with the treatment of multilevel disease [15, 21, 26, 28, 30] .
The first modern cervical disk replacement to be tested clinically was the Cummins-Bristol artificial joint [9] . Although there were significant complications, including screw breakage and pullout, in this initial experience, 16 of 18 patients had continued motion at the treated joint and no patient had adjacent-level degeneration in up to 65 months of follow-up providing some initial optimism for the concept. The complications led to changes in the design that have demonstrated more favorable clinical results [33] . Similar clinical results have been reported in trials using several other designs, including the Bryan cervical disc [8, 16] , porous coated motion (PCM) prosthesis [26] , Frenchay artificial cervical joint [33, 34] , Prestige II implant [27] , and the ProDisc-C [4] .
The Altia TDI TM (total disc implant) is a uniquely designed bi-saddle-shaped cervical arthroplasty device with distinctive biomechanical characteristics (Fig. 1) . The goal of this design is to allow for slight translational motion Fig. 1 The Altia TDI has a unique bi-saddle-shaped design that forms the articulation between the two components. They are inserted simultaneously in the disc space C Eur Spine J (2009) 18:1520-1527 1521 during the flexion and extension and soft stops, using the ligamentous restraints of the motion segment. The device is composed of a silicon-nitride ceramic with superior wear characteristics than existing metal and polymer designs, while allowing for imaging the clarity of nearby structures with magnetic resonance imaging or computed tomography. Finally, the implant is engineered to have a low profile without protrusion from the disk space and is secured via one midline keel in the superior level and two laterally placed keels in the inferior level to avoid conflict when multiple levels are instrumented. Despite the promising early clinical results and obvious theoretical benefits, there is a paucity of in vitro biomechanical data characterizing cervical arthroplasty devices in the literature [11, 12, 22] . In this study, we detail the kinematics of the entire subaxial cervical spine from C2 to C7 with the middle segment intact, treated by fusion, or replaced with an artificial disc implant. Special attention is paid to adjacent segment motion with the implanted disk in comparison with a simulated fusion, the current standard of care.
Materials and methods
Six human cervical spine specimens (C2-C7) were used in the study. Each specimen was \65 years (mean age 53.3 ± 8.4 years) and was screened visually and with anterior-posterior and lateral radiographs to exclude signs of neoplasm, trauma, severe degeneration, or other factors that could effect their mechanical properties. In addition, each specimen was scanned using dual X-ray absorptiometry (DEXA) (General Electric Medical Systems, Madison, Wisconsin), and those with bone densities of[1.0 standard deviation below the pool of specimens were eliminated.
The specimens were kept frozen at -20°C in sealed plastic bags and were thawed at room temperature for 12 h before testing. On the day of testing, the specimens were prepared by removing all remaining skin and most of the paraspinal cervical musculature; care was taken to keep all ligaments, joint capsules, osseous components, and intervertebral discs intact. To supplement the potting fixation, three drywall screws were inserted radially into the vertebral bodies and lateral masses of C2 and C7. These end vertebrae were then placed into 4-cm deep polyvinyl chloride potting fixtures and were embedded to the middle of the vertebra in a two-part filler compound (Bondo body filler; Bondo, Atlanta, GA, USA).
Prior to testing, lateral mass screws were placed in each specimen at C4 and C5 bilaterally in preparation for the fusion part of the procedure. The screws were placed under fluoroscopic guidance in the standard manner [36] and did not interfere with normal range of motion (ROM).
Specimens were first tested in load control in our custom multiaxis spine simulator with infrared-emitting diodes screwed into the vertebral bodies of C3, C4, C5, and C6 to monitor angular motion between these vertebrae. Infraredemitting diodes were additionally secured to the pots to record motion of levels C2 and C7. The spine simulator is composed of six feedback-controlled pneumatic actuators mounted on to two opposing 3-degree of freedom gimbals that control flexion/extension, lateral bending, and axial rotation moments at the upper and lower ends of the specimen. In addition, the upper gimbal is mounted on to a linear actuator to allow for change in height of the specimen as it moves under bending moments applied through either load or position control. A follower load apparatus is attached to the lower gimbal and applies a preload in line with the specimen through its full ROM. The custom spine simulator is controlled by two National Instruments 7344 series motion controllers and a PC computer running a custom-written National Instruments Labview VI program. There are two 6-Axis AMTI load cells, each positioned between the specimen and gimbal on either end, which provide feedback for the pneumatic actuators on that gimbal, and one position encoder per axis of motion for feedback when in position control. Data are collected via a National Instruments AT-MIO-64E-3 data acquisition board. All specimens were initially tested in the intact condition in load control with applied moments of 1.5 Nm in each respective plane of motion and 100 N of axial follower load applied. A 1.5 Nm moment was chosen because it falls within the range of moments used in other biomechanical tests (1.0-4.0 Nm) of the cervical spine and allows for safe, non-destructive testing of the destabilized specimen. Furthermore, this parameter allows for safe testing of the spine in position control after instrumentation has been added, a situation in which forces typically increase to approximately 3.0 Nm. Follower loads were applied through guides attached at each level through which a flexible cable was passed [25] . Guides are placed in the lateral masses at each segment through the center of rotation. Before any data were recorded, each spine was preconditioned with 30 cycles in each plane of motion to reduce the effects of the specimen freeze/thaw cycle. A second trial of five cycles in each axis was then used for data recording to determine the ROM of segments C2-C7 (ROM C2-C7 ). The spine simulator was then placed in position control with the ROM C2-C7 parameters being used for the treated spines under two conditions. A hybrid testing protocol, in which the initial ROM is determined under load control and treated conditions are tested under position control, is based on the assumption that an individual will attempt to regain preoperative function (i.e., ROM) after a procedure. First, a C4-C5 diskectomy was performed to implant the cervical arthroplasty device as described below. Second, a fusion was simulated by securing rods to the previously placed lateral mass screws and placing a custom anterior plate. The spines were subjected to five cycles of ROM C2-C7 in each axis of motion with 100 N of follower load (intact, fusion, implant). Data were collected on the fourth and fifth cycles of each axis (Fig. 2) .
To place the Altia TDI, a standard diskectomy at C4-C5 was undertaken. Distraction posts were used at the adjacent segments to provide better visualization for the diskectomy and to allow easier insertion of the device. The entire disk was evacuated in each case and the posterior longitudinal ligament was cut. A custom tool was then used to prepare the endplates, remove cartilage, and create parallel surfaces. A sizing probe in the shape of the implant was then inserted to measure the disk space. The implant consists of separate superior and inferior components that combine to form a disk replacement of varying height, width, and depth. Once size was determined, an appropriately sized cutting device was used to create grooves for the keels in the respective vertebral bodies. This device was tamped into the bone with a mallet; the device includes a stop feature to prevent over insertion. Using care to align the keels of the devices with the slots just created, the implant itself was then inserted into the disk space until flush with the anterior surface of the vertebral body.
Torque data from the multiaxis spine simulator and rotation data from the OptoTrak were recorded, processed, and analyzed on a personal computer with a National Instruments AT-MIO-64E-3 board (National Instruments, Austin, TX, USA) and LabView Software (National Instruments) that generated torque-rotation plots. ROM and stiffness were determined from the LabView graphs. Stiffness was determined by measuring the linear slope of the elastic zone from the torque rotation plots. All data were analyzed using a Wilcoxan-signed rank test with P values \0.05 considered statistically significant.
Results
Average motion was calculated for each segment under each condition (Table 1) . Flexion/extension, lateral bending, and axial torsion motions are reported for not only the treated segment, but also for the adjacent and supraadjacent segments.
Flexion/extension motion at C4-C5 with the Altia TDI was 5.9°± 3.1°, 82% of the intact spine (7.1°± 2.4°; P = 0.156). Motion of the C4-C5 fusion construct was less than that with either the Altia or the intact spine at 1.5°± 1.2°(P = 0.031 and P = 0.031, respectively) (Fig. 3a) .
The intact spine allowed 5.1°± 2.7°of motion in lateral bending. The arthroplasty device allowed 60% of this motion (3.0°± 2.2°; P = 0.063), while the fusion construct allowed only 1.1°± 0.9°; P = 0.031). Although the arthroplasty device allowed less motion than the intact spine; there was a trend towards more motion than the fusion construct (P = 0.063) (Fig. 3b) . Axial rotation was 9.2°± 1.3°in the intact spine and 6.8°± 2.7°with the arthroplasty device (74% of intact, P = 0.125). The fusion construct trended towards more limited rotation at C4-C5 to 1.8°± 1.1°, less than the TDI or the intact spine (P = 0.063 and 0.063, respectively) (Fig. 3c) .
Range of motion of the adjacent segments (C3-C4; C5-C6) and supra-adjacent segment (C2-3; C6-C7) with the arthroplasty device at C4-C5 was similar to those of the intact spine in all moments, with the exception of lateral bending at C3-C4, which was increased 13%. With fusion at C4-C5, the adjacent and supra-adjacent motion segments had significantly increased strain in all moments, with the exception of rotation and flexion/extension at C5/6 and lateral bending at C2/3 and C6/7, where differences in motion were noted, but did not reach significance.
Stiffness of each segment was calculated in Nm/deg and reported as normalized to intact (Fig. 4) . Stiffness in flexion/extension at the treated level was 201% of intact with the Altia TDI and 774% of intact with the fusion construct. There was no significant difference between intact and the arthroplasty device, but a significant difference was realized between the fusion construct and the arthroplasty device and intact spine (P = 0.031 and P = 0.031).
Stiffness in lateral bending at the treated level was 236% of intact with the Altia TDI and 990% of intact with the fusion construct. There was no significant difference between the intact spine and the arthroplasty device, but a significant difference was realized between the fusion construct and the arthroplasty device and intact spine (P = 0.031 and P = 0.031).
Stiffness in axial rotation at the treated level was 175% of intact with the Altia TDI and 969% of intact with the fusion construct. There was no significant difference between intact and the cervical arthroplasty device, but a strong trend was detected between the fusion construct and the arthroplasty device and intact spine (P = 0.063 and P = 0.063). 
Discussion
Anterior cervical diskectomy and fusion has been the mainstay of treatment for cervical myelopathy and radiculopathy since the 1950s. Although interest in motion preservation technologies is not new, increased recognition of the development of adjacent-level degeneration has led to a redoubling of efforts in the development of cervical arthroplasty. Despite the promising accumulating clinical experience with disk replacements of varying designs, little work has been done to characterize the in vitro biomechanical features of varying replacements. DiAngelo et al. [11] provided a biomechanical analysis of the ProDisc-C and demonstrated maintenance of normal motion at the treated and adjacent levels in all conditions except extension when compared with intact spines. Dmitriev et al. [12] showed that the PCM implant maintained normal ROM at the treated and adjacent segments as well as maintaining normal intradiscal pressure at adjacent segments, parameters that are both increased in a fusion construct. McAfee et al. [22] demonstrated similar results for ROM with the PCM disk, although they found an increased ROM in axial rotation at the treated segment in this study.
We examined ROM and stiffness of the cadaveric cervical spine under three conditions: intact, with Altia TDI at the C4-C5 level, and simulated fusion. Motion at the C4-C5 level in spines treated with the cervical arthroplasty device was comparable with motion in intact spines in flexion and extension, but was slightly decreased in both lateral bending and axial rotation. Stiffness of the treated segment was comparable with intact and significantly less than the fusion construct in all moments applied.
Examination of adjacent and supra-adjacent segments after treatment with the Altia TDI revealed motion similar to that of the intact specimen for all moments except lateral bending at C3-C4, which was slightly increased. The fusion construct was associated with significantly increased ROM at all adjacent segments, with the exception of axial rotation and flexion/extension at C5-C6, which were not significantly increased, and all supra-adjacent segments. Although changes in motion at supra-adjacent segments have not been examined in earlier studies and the significance of such findings remain to be unknown, we believe that our findings demonstrate the significant alteration of dynamics in a spine undergoing fusion at even one level. Conversely, the normalization of this motion with the cervical arthroplasty device demonstrates that the restoration of normal biomechanics at the treated level results in a global restoration of normal movement in the cervical spine.
The Altia TDI was designed to allow for near full ROM in flexion/extension and more limited ROM in lateral bending and rotation and these characteristics have been demonstrated in this study. Constraints to lateral bending and axial rotation are provided by the saddle-shaped articulations. Unconstrained prostheses in the lumbar spine have been shown to be associated with rotational instability [1, 10, 23, 24] . This problem has been analyzed biomechanically. McAfee et al. [23] demonstrated that the rotational instability endowed by such designs is additive over multiple-treated segments. Rotational stability of the cervical spine, however, is endowed primarily by the posterior elements, where strong capsular ligament and ligamentum flavum strength in combination with the large facet joint surface area and biomechanically advantageous angle of influence of the facet joint work to resist rotatory moments [23] . The contribution of the annulus and anterior longitudinal ligaments in the cervical spine are relatively less important, and rotational stability has been shown to be restored with unconstrained arthroplasty devices here after these structures are destroyed [23] . However, because rotational stability is largely dependent on the posterior elements, multilevel replacement with a device that allows greater than normal axial rotation may place undue stress on these structures and lead to premature facet and uncovertebral joint arthrosis. In addition, adjacent-level disk pressure under conditions of fusion and axial rotation were only marginally elevated compared with intact specimens [12] . Intradiscal pressures, on the other hand, are most dramatically raised in adjacent segments when undergoing flexion/extension. These factors lead to the conclusion that an ideal disk might possess semi-constrained characteristics in rotation, where the potential benefit of preventing increased facet stress appears to come at relatively little cost to adjacent segment stress and more freedom in flexion/extension, where maximal increases in intradiscal pressures are noted.
Conclusions
Biomechanical testing of the Altia TDI cervical arthroplasty implant revealed similar kinematic properties to those observed in the intact spine in flexion and extension, with slightly increased stiffness in lateral bending and rotation at the treated level. Mild constraint of motion in rotation and lateral bending may translate into increased rotational stability in multisegment cases and reduced stress on the facet joints, although the clinical implications of these properties have yet to be determined. Adjacent levels and supra-adjacent levels were largely found to maintain normal kinematics as well.
